Abstract-This
I. INTRODUCTION
A high-frequency (HF) transformer isolated DC-DC converter is part of a fuel cell power conditioning system for standalone or utility interface [1] [2] used to boost low fuel cell stack voltage (that can vary with fuel pressure [3] ) higher than the peak of the grid or rated load voltage. This stepped up DC voltage is converted into line-frequency grid/load compatible AC power supply using an inverter stage [1] [2] . Soft-switching is necessary to operate the converter at higher switching frequency to achieve small size, light weight and low cost converter. Although an active-clamped DC-DC current-fed converter and its analysis and design have been recently published [2] [4] [5] , this converter can not maintain ZVS for wide variation in supply voltage and load variations. Therefore, a modified L-L type active-clamped current-fed ZVS DC-DC converter, shown in Fig. 1 has been proposed for this application [6] . This converter always operates with This front-end DC-DC converter should be controlled to produce a constant voltage at the input of the inverter for all fuel pressure values. This requires small signal modeling and closed loop control design of this converter and they are not yet reported in literature and therefore form the objectives of this paper. The peak current control requires slope compensation for stability and introduces error at high ripple currents at light load and high input voltage. Therefore, average current control of the two inductor currents is used in this paper. In literature, the current control of a single inductor and coupled inductor converter topologies are presented [7] [8] [9] [10] . The current control of two independent (uncoupled) inductor topology was presented in [11] for active-clamped ZVS two-inductor current-fed isolated DC-DC converter. Detailed small signal analysis was presented while taking into account the effect of auxiliary clamp circuit [11] for ZVS. The series inductor current state variable was discontinuous (assuming high magnetizing inductance) and therefore, was omitted in the analysis. In the L-L type active-clamped current-fed isolated DC-DC converter presented in this paper, the series and parallel inductor carries continuous currents and add to the list of state variables in small signal analysis. It has been concluded in [11] that the effect of auxiliary clamp capacitor C a has negligible effect on frequency response (changing the phase margin by less than 2 degrees) but increases complexity in calculation and closed loop control design and is therefore, not considered as a state variable in the analysis, assuming voltage across it (V Ca ) constant. Closed loop control design of two loop average current control of the converter using 2 PI controllers is presented with a converter example rated at 200 W in Section III. Bode plots are drawn to verify the stability of two separate loops with and without controllers. The converter with the designed two-loop control system has been simulated in Section IV using PSIM 6.0.1 under full-load and 10% load condition for two extreme input voltage conditions and frequency response curves for control-to-output are presented to verify the stability and design of the complete closed loop system. Also, the converter with designed controller has been simulated for step-change in load to verify the design of the closed loop control and to check the transient performance of the converter. The results verify the stability and design of the closed loop control system.
II. SMALL SIGNAL MODELING
In this Section, small signal model of the converter is derived by averaging the state-space equations [12] for each interval of operation. Following assumptions made are in the analysis: 1) Inductors are identical, i.e.,
Charging and discharging intervals of the snubber capacitors are very small and neglected. 3) Leakage inductance of the transformer is part of L s . 4) Magnetizing inductance is a part of parallel inductor L p . 5) Voltage v Ca across the auxiliary capacitor C a is assumed constant. 6) All the components are ideal and lossless. The operating waveforms with these assumptions are given in Fig. 2 . The converter undergoes through 5 different intervals of operation in a HF half cycle as shown in Fig. 3 . For the next HF half cycle, the intervals are repeated in the same sequence with other symmetrical devices conducting to complete the full HF cycle. The specifications and design values of the converter ( Define:
The duty cycle of the main switches (including conduction of the anti-parallel diode) are defined as 10 (1) The turn-off durations of the main switches are 8 (2) The discharging durations of supply inductor are State equations are written for each interval of operation based on the equivalent circuits shown in Fig. 3 and is presented next.
(e) Interval 5: t 4 < t < t 5 
Interval 3 [t 2 < t < t 3 ]: Auxiliary switch S a1 is turned on with ZVS. Currents i Ls and i Lp increase with the same slope. At the end of this interval, auxiliary switch S a1 is turned-off. 
Interval 5 [t 4 < t < t 5 ]: Switch S 1 is turned ON with ZVS. At the end of this interval, i Ls reaches a constant value and switch current is equal to i L1 . The same equations of interval 4 hold good for this interval too.
Equations for the other half cycle can be written using symmetry. State equations are averaged over a HF cycle to model the converter and after simplification results (using (1) to (3)) in the following equations:
where the average output rectified current is given by
Also, equating peak-to-peak current through L s and L p , following equations can be obtained:
Introducing perturbation around the steady state values (represented by capital letters) for the state variables and other quantities such that After introducing perturbation in (7)- (14), comparing AC quantities, while neglecting the second order terms, then taking Laplace transform and eliminating
(using (13) and (14)) results in the following equations in matrix form 
A. Control-to-output transfer function
From (15), the control-to-output transfer function is found by setting 0 = in v . It results in the following equation
Substituting the values of 200 W converter in (16) 
The bode plot of the control-to-output transfer function given by (17) is shown in Fig. 4 . The phase margin (PM) of the uncompensated control-to-output transfer function is negative and is equal to -30.2 o that makes the system unstable when small disturbances are introduced. 
III. CONTROLLER DESIGN

A. Design of current control loop
The inner current control loop is shown in Fig. 6 . The current controller design involves defining the current-loop quantitatively and then designing the controller to achieve certain design criteria of phase margin and bandwidth [13] [14] [15] . First, control to inductor current transfer function is derived. Then the PI controller design is presented. Only one PI controller controls the I L1 + I L2 . o [13] [14] [15] at crossover frequency f c = 15.92 kHz [15] to reduce the steady state error and control the average inductors' current.
A triangle wave is selected as modulating signal. The frequency of the modulating signals is same as the switching frequency (100 kHz). Here, T m (s) = T m1 (s) = T m2 (s). The maximum slope of the inductor current is V Ca /L. For minimum input voltage of 22 V and D = 0.8, V Ca is equal to 88 V. In half of the triangle period (T s /2), the current ripple reaches a value, equal to peak-to-peak value of the triangular modulating signal and is given by
where K mf is a multiplying factor and its value is 1V/A for the hall effect current sensor used and here V m,p-p = 1.257 V. Giving some tolerance for noise etc., peak-to-peak value of the triangle wave chosen is V m,p-p = 2.5 V. Then the modulator transfer function T m (s) = 1/ V m,p-p = 0.4. Transfer function of the PI controller is
Open loop transfer function of the current-loop is given by
The power stage transfer function T p1 (s) is given by (19) .
Substituting the values in (22) gives
The requirement is that the PM should be 
Using s= jω in (23), K p = 0.871. Fig. 7 shows the Bode plot of the current control loop with PI controller. The phase margin is 59.84 o at cross over frequency of 101.7 krad/sec and shows high gain at low frequencies. 
B. Design of voltage control loop
The voltage loop, shown in Fig. 8 , generates the inductor current reference (I L1 + I L2 ) ref for the inner current loop. Transfer function between output voltage and sum of inductors' currents is
Substituting the values of the converter parameters in (26) Fig. 9 shows the bode plot of voltage control loop without PI controller. The phase margin is 90 o for frequencies above 1637.3 rad/sec. The low frequency gain is very low. 
IV. FREQUENCY RESPONSE CURVES AND SIMULATION RESULTS
The stability of the control system and the controller design are verified by plotting the frequency response curves of control-to-output transfer function by simulating the converter with the designed controller using PSIM 6.0.1 for input voltages of 22 and 41 V at full, half and 10% load (sample plots are shown in Fig. 11 and 12) .
It was observed that the PM for the given conditions is between 58 to 71 degrees and therefore it can be concluded that the closed loop control system is stable for the entire given operating range of input voltage and from full load down to light load. There is a slight difference in the crossover frequencies but acceptable. The simulation was done for a few discrete frequency points and the time scale for simulation was 0.1 µs (to reduce the simulation time with reasonably good accuracy) and may not be sufficient for creating a smooth curve. This may be a possible reason. Fuel cells are very sensitive to input current ripples. For stable and continuous operation of the fuel cells and therefore of the power converter, the average input current should be controlled to be dc, which requires that bandwidths of voltage and current loops are separated far apart with a slow voltage loop and a fast current loop [16] . The drawback with slow voltage loop is high ripple voltage, which is acceptable for an inverter load [16] . Also, a difference in bandwidths of voltage and current loops has been proposed [17] [18] [19] [20] to introduce time scale separation in their dynamics, which is then utilized to make approximations to simplify the design and discussed in [11] . Current-mode control is preferred for fuel cell system [21] .
Simulation results using PSIM 6.0.1 to check the transient performance of the converter for step change in load when driven by the designed closed loop controller are shown in Small signal analysis and average current control of standard two-inductor active-clamped current-fed converter was presented in [11] . This topology [11] has discontinuous series inductor current i Ls (assuming high magnetizing inductance or no parallel inductor) and therefore, was omitted and simplified the analysis. But the series inductor current at light load is not sufficient to discharge the snubbers to maintain ZVS of main switches [11] . In the proposed L-L type active-clamped current-fed isolated DC-DC converter, the series and parallel inductor carries continuous currents and add to the list of state variables in small signal analysis. This increases the complexity of the analysis (size of matrix in (15) ) but the available current in series inductor aided by parallel inductor, provides the energy to discharge the snubber capacitors across the switches and maintains ZVS of main switches at light load for the complete wide input voltage range. This has been illustrated by simulation waveforms in Figs. 15-16 at V in = 41 for step load change from full-load to half-load at t = 0.5 s. Fig. 15 shows that L-L type active-clamped current-fed converter maintains ZVS during the transient duration. It exhibits ZVS in steady-state condition as well. On the contrary, standard active-clamped -fed converter enters into hard-switching region and main switches loose ZVS during transients as well as in steady-state as shown in Fig. 16 . 
V. CONCLUSION
Small signal modeling and transfer functions of the L-L type active-clamped current-fed isolated DC-DC converter are derived using state-space averaging. A complete step-by-step closed-loop control design for average current control has been presented. The two boost inductor currents are controlled independently by controlling the total inductor currents using one PI controller and two modulators. The two modulating signals used for fixed frequency duty cycle modulation have the same amplitude and frequency but shifted in phase by 180 o . The reference input for the current control loop is generated by an outer voltage loop. Frequency response curves have been presented. The converter with designed controller is stable for wide operating conditions of input voltage and load variations.
